Herbaceous peony (Paeonia lactiflora) is a globally important ornamental plant. Spontaneous floral mutations occur frequently during cultivation, and are selected as a way to release new cultivars, but the underlying evolutionary developmental genetics remain largely elusive. Here, we investigated a collection of spontaneous corolla mutational plants (SCMPs) whose other floral organs were virtually unaffected. Unlike the corolla in normal plants (NPs) that withered soon after fertilization, the transformed corolla (petals) in SCMPs was greenish and persistent similar to the calyx (sepals). Epidermal cellular morphology of the SCMP corolla was also similar to that of calyx cells, further suggesting a sepaloid corolla in SCMPs. Ten floral MADS-box genes from these Paeonia plants were comparatively characterized with respect to sequence and expression. Codogenic sequence variation of these MADS-box genes was not linked to corolla changes in SCMPs. However, we found that both APETALA3 (AP3) and PISTILLATA (PI) lineages of B-class MADS-box genes were duplicated, and subsequent selective expression alterations of these genes were closely associated with the origin of SCMPs. AP3-PI obligate heterodimerization, essential for organ identity of corolla and stamens, was robustly detected. However, selective down-regulation of these duplicated genes might result in a reduction of this obligate heterodimer concentration in a corolla-specific manner, leading to the sepaloid corolla in SCMPs, thus representing a new sepaloid corolla model taking advantage of gene duplication. Our work suggests that modifying floral MADS-box genes could facilitate the breeding of novel cultivars with distinct floral morphology in ornamental plants, and also provides new insights into the functional evolution of the MADS-box genes in plants.
Introduction
Herbaceous peony (Paeonia lactiflora) belongs to the Paeoniaceae family, which is native to central and eastern Asia, from eastern Tibet across northern China to eastern Siberia (Eason et al. 2002) . It is widely cultivated as an ornamental plant and is also used for medicinal purposes, with nearly 4,000 years of cultivation history (Walton et al. 2010) . Irrespective of the variable floral organ numbers, the overall floral structure and the order of floral organs in herbaceous peony are similar to the 'ideal flower', i.e. the Arabidopsis flower. The attractive floral structure (or so-called flower forms) and petal colors (or so-called flower colors) are major breeding targets for ornamental plants. During the cultivation process of Paeonia, unusual floral organ alterations or spontaneous floral mutants are usually observed with respect to floral morphology and colors (Logacheva et al. 2007) , and these changes will become valuable germplasm resources for its breeding. Currently, >600 cultivars of P. lactiflora with different flower types and diversified flower colors are available (Ge et al. 2014) . Differential expression of falconoid biosynthetic genes was found to contribute to the floral color variation (Zhao et al. 2012) . Some floral MADS-box genes were isolated in Paeonia (Shu et al. 2012 , Ge et al. 2014 , and their developmental roles in the P. lactiflora cultivars that displayed the transference of stamens into petals were discussed (Ge et al. 2014) . However, the underlying molecular mechanisms of floral diversification in different cultivars are largely unknown in herbaceous peony.
Floral developmental genetic mechanisms have been well studied in model plants such as Arabidopsis, which may facilitate the breeding of Paeonia cultivars with a novel flower form. The developmental genetics of flowers has been well established and formulated, such as the well-known floral 'ABC' model (Coen and Meyerowitz 1991 , Weigel and Meyerowitz 1994 , Ma and dePamphilis 2000 , which is optimized to the currently widely accepted 'ABCDE' model (Angenent and Colombo 1996 , Pelaz et al. 2000 , Theissen 2001 , suggesting that the development of a flower is generally controlled by at least five function genes. The A function gene alone specifies the identity of the sepals; both A and B function genes cocontrol petal identity; B and C function genes determine stamen formation; the C function gene alone controls carpel formation; the D function gene is required for ovule formation; and the E function gene is indispensable for the development of all floral organs. In Arabidopsis, A function genes include APETALA1 (AP1) and APETALA2 (AP2), and B function genes are APETALA3 (AP3) and PISTILLATA (PI). C, D and E function genes are AGAMOUS (AG), SEEDSTICK (STK, formerly called AGAMOUS-LIKE11) and SEPALATA1/2/3/4 (SEP1/2/3/4, formerly known as AGAMOUS-LIKE2/4/9/3), respectively. These genes exclusively encode MADS-box regulatory proteins, except for AP2 (Bowman et al. 1991 , Coen and Meyerowitz 1991 , Jofuku et al. 1994 , Theissen 2001 , and have been extensively characterized in various plants (Sommer et al. 1990 , Ma and dePamphilis 2000 , Nam et al. 2003 , Hileman et al. 2006 , Kater et al. 2006 , Soltis et al. 2007 , Wang et al. 2015 , Otani et al. 2016 . The developmental roles of these genes in flowers are basically conserved, and the variation of the gene expression usually accompanies floral morphological variation (He et al. 2004 , Soltis et al. 2007 , Sasaki et al. 2014 , Ma et al. 2015 , indicating the key role of floral MADS-box genes in the evolution and development of flowers. The expression of these MADSbox genes usually commences at initialization of the floral meristem, and then mainly shows organ-specific patterns from the organ initiation to development of the whole floral organ (Honma and Goto 2000 , Kater et al. 2006 , Chanderbalia et al. 2010 , Zhao et al. 2013 , Zhang et al. 2014 , Li et al. 2016 . The encoded proteins of these MADS-box genes form dimers, and a higher order complex in the nuclei to bind the CArG-boxes in the regulatory regions of some direct target genes (SchwarzSommer et al. 1992 , Zik and Irish 2003 , Mendes et al. 2013 , Zhao et al. 2013 , Jetha et al. 2014 , Zhang et al. 2014 , thus regulating floral induction, organ identity, organ shape, size and number, organ functionality and maturation in an organ-specific manner (Honma and Goto 2001 , Zhao et al. 2013 , Sharma and Kramer 2013 , Li et al. 2016 , Otani et al. 2016 .
A mutation in either of the B-class MADS-box genes, such as AP3/DEFICIENS (DEF) or PI/GLOBOSA (GLO) genes, produces flowers with petals transformed into sepals, and stamens converted into carpels in Arabidopsis and Antirrhinum (Sommer et al. 1990 , Jack et al. 1992 , Tröbner et al. 1992 , Krizek and Meyerowitz 1996 . The proteins encoded by the orthologs of these genes from various plants are stable and functional in the cell only as heterodimers, i.e. AP3-PI complexes (Winter et al. 2002 , Zahn et al. 2005 . Altering the expression of these genes leads to the evolution of diversified floral morphology (Kanno et al. 2003 , Sharma and Kramer 2013 , Bartlett et al. 2015 , Li et al. 2016 .
In P. lactiflora, we isolated several plant lines that displayed a sepaloid corolla, designated as spontaneous corolla mutational plants (SCMPs), compared with the flowers of normal plants (NPs). Comparative characterizations of floral MADS-box genes among NPs and SCMPs at the sequence and expression levels suggested that expressional variation of B-class MADS-box genes instead of their sequence divergence was associated with the phenotypic change in SCMPs. In particular, selectively strong down-regulation of AP3 or PI lineage genes that were both duplicated might lead to a corolla-specific decrease in AP3-PI heterodimer concentration, which is correlated to the origin of SCMPs. Overall, our work facilitates the understanding of Paeonia flower development, and indicates that modification of floral MADS-box genes could facilitate the breeding of floral mutational cultivars in floral ornamental plants. This work also sheds light on understanding the functional evolution of plant MADS-box genes, particularly in the evolution of diversified flower morphology.
Results

Floral phenotype of spontaneous corolla mutational plants in Paeonia lactiflora
The floral organs of NPs of herbaceous peony consist of four whorls in general, named the calyx (sepals), corolla (petals), androecium (stamens) and gynoecium (carpels). However, we isolated six independent lines of SCMPs. The organ identity of petals seemed to be altered in these SCMPs albeit with slight variations in shape and color, while no obvious homeosis and morphological variation was observed in other floral organs, such as sepals, stamens and carpels ( Fig. 1 ; Supplementary Table S1 ). The petal color and texture in SCMPs displayed obvious divergence compared with the NP lines ( Fig. 1 ; Supplementary Table S1 ). The corolla color during the bud stage in NPs was amaranth at the top (Fig. 1A) compared with yellow green in the SCMPs (Fig. 1B, C) . During the flowering stage, unlike the NP flowers (Fig. 1D) , the petal colors in these SCMPs were mainly red but mixed with green stripes or entirely green ( Fig. 1E, F ; Supplementary Table S1 ). Furthermore, petals in these SCMPs did not wither and fade after fertilization but remained persistent on the flower disc, which was in contrast to the NPs ( Fig. 1G-I ; Supplementary Table S1 ). These observations suggested that petals in the SCMPs may be sepaloid.
To verify this notion, we performed scanning electron microscopy (SEM) analyses and compared the epidermal cell morphology of the calyx and the corolla among these plants. The morphology of the epidermal cells on the adaxial middle zone of the sepal was similar between NPs and SCMPs, and they had a smooth surface and convoluted anticlinal walls (Fig. 1J-L) . Moreover, the sepal cell morphology on the abaxial middle zone was basically similar in both SCMPs and NPs, and many stomatal apparatus were distributed ( Fig. 1M-O) . Thus, no obvious difference was observed in sepal cell morphology among the SCMPs and NPs. The petal epidermal cell morphology on the adaxial middle zone of NPs was extended along the organ axis with ordered orientation in rectangular or rhombic shapes (Fig. 1P) . In contrast, the corresponding whorl-specific cells of the SCMPs were irregular polygons and much shorter, which resembled the morphology of the sepal epidermal cells on the adaxial zone (Fig. 1Q, R) . Moreover, the epidermal cell morphology on the abaxial middle zone of the petals was short and wide with a folded surface compared with their adaxial zones in NPs (Fig. 1S) . However, the cell surface of the transformed corolla in SCMPs was smooth and the cell morphology was quite similar to that of the sepal cells on the abaxial zones with many stomatal apparatus (Fig. 1T, U) . Therefore, the petals of the SCMPs were to some extent changed to sepaloid.
Floral MADS-box transcription factors play critical roles in the development and evolution of the flower (Theissen 2001) . We therefore focused on revealing the potential role of MADSbox genes in the origin of SCMPs.
Sequencing and evolutionary analysis of Paeonia floral MADS-box genes
We first isolated floral MADS-box genes using the NP-231 plant as a representative sample. A total of 10 full-length cDNAs of MADS-box genes were obtained using the combination strategies of rapid amplification of cDNA ends (RACE) and routine reverse transcription-PCR (RT-PCR) (see the Materials and Methods). An initial attempt was made to sequence the final RT-PCR products directly. If high quality and unique sequencing data were generated ( Supplementary Fig.  S1A ), this indicated that the loci were homozygous. Otherwise, if two signal peaks of certain positions were captured ( Supplementary Fig. S1B ), this would indicate that this gene locus might have two different alleles ( Supplementary Fig.  S1C ). To prove these reasonings, we resequenced these cDNAs via a cloning strategy. Altogether, we obtained five homozygous and five heterozygous loci ( Supplementary Fig.  S1C ). Phylogenetic reconstruction indicated that they belonged to the AP1, AP3/PI, AG/STK and SEP lineages (Fig. 2) , respectively, and were thus designated as Paeonia lactiflora AP1 (PLAP1), AP3 (PLAP3-1, PLAP3-2), PI (PLPI1, PLPI2), AG (PLAG), AGAMOUS-LIKE12 (PLAGL12), AGAMOUS-LIKE11 (PLAGL11/PLSTK) and SEP (PLSEP1 and PLSEP3). Among these genes, PLAP1, PLAP3-2, PLPI2 and PLSEP3 were heterozygous ( Supplementary Fig. S1C ). Two types of PLAP1 cDNAs were designated as PLAP1clone1 and PLAP1clone2, and both contained a 729 bp open reading frame (ORF) that encoded a 242 amino acid protein, and they shared 99.5% and 99.2% sequence identity at the nucleotide and amino acid levels, respectively ( Supplementary Fig. S1C ). Each lineage of the Bclass genes (PLAP3 and PLPI) was duplicated (Fig. 2) , and this was further supported by the evolution of B-class MADS-box genes ( Supplementary Fig. S2 ). In line with previous work (Kramer et al. 1998 , Stellari et al. 2004 , the AP3 lineage underwent a duplication event at the base of the core eudicots, giving rise to two AP3-like lineages called the euAP3 and paleoAP3 genes ( Supplementary Fig. S2 ), and the paleoAP3-type genes were named TOMATO MADS BOX GENE 6 (TM6) genes. Like in papaya, which now only contains TM6 genes (Ackerman et al. 2008) , the PLAP3 lineage, which also were TM6 clade genes instead of euAP3 clade genes, contained PLAP3-1 and PLAP3-2 ( Fig. 2; Supplementary Fig. S2 ), and both paralogs encoded a 221 amino acid protein ( Supplementary Fig. S1C ). Only one type of cDNA sequence was obtained for the PLAP3-1 gene, while two different cDNA sequences, named PLAP3-2clone1 and PLAP3-2clone2, were captured for the PLAP3-2 gene. The PLPI lineage also had two paralogs (PLPI1 and PLPI2) that were a result of gene duplication in P. lactiflora ( Fig. 2; Supplementary  Fig. S2 ), and they contained a 630 and 636 bp ORF, respectively ( Supplementary Fig. S1C ). One unique PLPI1 cDNA encoding a 209 amino acid peptide was found, while two different cDNAs of PLPI2 were obtained, named PLPI2clone1 and PLPI2clone2. The sequence information of the remaining MADS-box genes is summarized in Supplementary Fig. S1C , and the most notable gene is PLAGL12. Three independent clones of this gene were sequenced. However, besides numerous nucleotide polymorphisms, !10 premature stop codes were found in each sequence of PLAGL12 from both NPs and SCMPs (Supplementary Figs. S1C, S3), indicating that PLAGL12 is a pseudogene.
Coding sequence variation of floral MADS-box genes among NPs and SCMPs
To evaluate the role of coding sequence variation of these MADS-box genes in the origin of SCMPs in P. lactiflora, we sequenced the related genes from an additional three NP and six SCMP lines. Multiple sequence alignment from their ORFs revealed that a few nucleotide variations in each MADS-box gene resulted in corresponding amino acid substitutions in these Paeonia plants (Fig. 3) . The amino acid substitutions were indeed found among SCMPs; however, some of them were also observed among the NPs. To estimate the potential effects of amino acid substitutions on protein functions, we performed PROVEAN analyses. We found that substitutions in PLAP1 (Q72R, I94Y, I94F, Y147H, T158K, F204L, Q214R and M220T), PLAP3-2 (S175P) and PLPI1 (Y21F) were probably neutral (Fig. 3) . Thus, they might not influence protein functions; the predicted score of substitutions was less than the cut-off value (-2.5), such as the PLAP1 (Q163H), PLAP3-2 (G214K/E), PLPI2 (H84Y and N191I) and PLSEP1 (G76S) genes (Fig. 3) , implying that these substitutions might be deleterious to the protein function. Nonetheless, we did not find any fixed amino acid changes of any MADS-box gene products to distinguish the SCMPs from NPs. Moreover, no significant association (P-value > 0.05) was observed between amino acid substitutions and corolla phenotypic variations (Fig. 3) . Furthermore, in the phylogenetic reconstruction analyses using the coding sequence of each gene, the NP and SCMP lines were mixed together in a maximum likelihood (ML) tree of eight genes ( Supplementary Fig. S4 ). The NP and SCMP lines were divided into two clades in the ML tree using the PLAGL11 sequence ( Supplementary Fig. S4 ), which resulted from a synonymous substitution in the orthologous genes between the NP and SCMP lines (Fig. 3) . Therefore, the variation of the coding sequences might not contribute to the formation of SCMPs.
The allele diversity of each MADS-box gene was further evaluated, including all NPs and SCMPs. The nucleotide diversity (Pi) of each gene was very low when the sequence of each gene in all investigated plants (0.00080 < Pi total < 0.00496) was analyzed together. Similar results were obtained in NPs (0.00000 < Pi NP < 0.00473) and SCMPs (0.00000 < Pi SCMP < 0.00599) (Supplementary Table S2 ). The nucleotide diversity of PLAP3-1, PLAP3-2, PLPI1, PLAG and PLSEP3 in NPs was higher than in the SCMPs; however, the result of Pi in PLAP1, PLPI2 and PLSEP1 was just the opposite (Supplementary Table S2 ). These data also indicated that sequence variation simultaneously occurred among different NPs as well as among SCMPs. Moreover, Tajima'D, and Fu and Li's D and F test results ( Supplementary  Table S2 ) suggested that the evolution of each gene from the 10 plants followed the 'null hypothesis', supporting the neutral evolution of these MADS-box genes at sequence levels. Taken together, these results indicate that the coding variation of the identified MADS-box genes may have no significant association with phenotypic variation in SCMPs.
Floral expression of MADS-box genes between an SCMP and an NP
We next compared the expression patterns of the identified MADS-box genes between NPs and SCMPs. The variation in gene expression should be investigated at the stages of early floral development since the organ identity of the corolla was altered. Nonetheless, the expression of floral MADS-box genes commences at floral meristem induction, and usually continues up to the development of the whole floral organ in an organspecific manner. Moreover, due to the low suitability of an in situ hybridization technique for quantification, and the difficulties in collecting the floral primordia for RT-PCR in Paeonia, floral organs were therefore harvested for gene expression investigations in the present work. In NP-231 (an example of the NPs), our RT-PCR revealed that PLAP1 had the highest expression levels in sepals, followed by very weak levels in leaves and petals, while all B-class genes (PLAP3-1, PLAP3-2, PLPI1 and PLPI2) were strongly expressed in petals, stamens and carpels, with the exception that PLAP3-1 was also expressed in the sepals ( Supplementary Fig.  S5A ). PLAG, albeit expressed at a weak level in sepals, and PLAGL12 were mainly expressed in stamens and carpels, and PLAGL11 was exclusively expressed in carpels, while PLSEP1 and PLSEP3 were constitutively expressed in all floral organs ( Supplementary Fig. S5A ). The expression of these genes in SCMP-638, a representative SCMP, was comparatively investigated ( Supplementary Fig. S5B ). PLAP1 and PLAGL12 shared a similar expression domain, and the expression of other genes was altered between NP-231 and SCMP-638 ( Supplementary  Fig. S5 ). Compared with NP-231 ( Supplementary Fig. S5A ), we found that in SCMP-638, PLPI2 and PLAP3-2 were downregulated in the petals, while PLPI1 was down-regulated in the stamens; PLAP3-1 and PLSEP3 were down-regulated in the petals and stamens, while PLSEP1 was up-regulated in these two whorl organs ( Supplementary Fig. S5B ). Interestingly, PLAG extended to the petals in SCMP-638 ( Supplementary Fig. S5B ). Thus, the variation in expression of these MADS-box genes might be the cause of the corolla variation in SCMPs.
Variation in expressional of floral MADS-box genes in the corolla of SCMPs
To substantiate the above notion, we investigated the quantitative real-time PCR (qRT-PCR) assay in petals or petal-whorl organs of Paeonia collections. Compared with the four NP lines, the tendency for variation of PLPI1 and PLAP1 expression was inconsistent among SCMPs; however, the expression of PLAP3-1, PLAP3-2, PLPI2 and PLSEP3 was significantly decreased (P 0.0059), and the expression of PLAG and PLSEP1 was dramatically increased in all six SCMP lines (P 0.0061) (Fig. 4A) . To determine the major genes for the SCMP origin, principal component analysis (PCA) was performed based on the expression data of related genes. Eight principal components were obtained (Supplementary Table S3 ). The percentage contribution of the top two principal components was 69.33% (PCA 1 # ) and 12.60% (PCA 2 # ), accounting for a total of 81.93% of corolla variation in SCMPs (Supplementary Table S3 ). The PCA scatter plot assay revealed that the four NPs (NP-231, NP-123, NP-146 and NP-438), and the six SCMP lines (SCMP-106, SCMP-131, SCMP-141, SCMP-313, SCMP-415 and SCMP-638) were clearly divided into two groups along the PCA1 # axis (Fig. 4B) , suggesting that PCA1 # is the major impact factor to distinguish the SCMP from the NP group. Interestingly, six SCMPs were dispersed along the PCA2 # axis (Fig. 4B) , indicating that PCA2 # might be responsible for the variations among different SCMPs. The component factor-loading matrix indicated the correlation between different variants and their corresponding components. Albeit that there was inconsistent expression variation of PLAP1 in the corolla of SCMPs (Fig. 4A ), only this gene had a high and positive correlation with PCA2 # , and its loading value was > 0.7 (Fig. 4C) , indicating that the PLAP1 expression level might contribute to the morphological variation in the corolla-whorl among SCMPs (Supplementary Table S1 ). Unlike PCA2 # , the loading values of PLAP3-1, PLAP3-2, PLPI2, PLAG, PLSEP1 and PLSEP3 were > 0.8 in PCA1 # (Fig.  4C) , suggesting high correlations between gene expression and PCA1 # . The relationships between the PLAP3-1, PLAP3-2, PLPI2 and PLSEP3 expression variation and PCA1 # were positive, whereas the PLAG and PLSEP1 expression variation and PCA1 # were negative (Fig. 4C) . Further evaluation of the MADS-box gene expression correlation (Supplementary Fig.  S5C -E; Supplementary Table S4) suggested complex positive or negative correlations among these genes in different floral whorls. The B-, C-and E-class gene expression in the corolla was correlated with the SCMP mutations, but only the Spearman correlation coefficient related to PLAP3-1, PLAP3-2 and PLPI2 was higher than 0.8 (Supplementary Table S5 ). The role of Cand E-class genes, in particular PLSEP3 and PLSEP1, in SCMP floral development could not be exclusively ruled out; however, based on our observations in SCMPs and the current knowledge on B-class genes, it is plausible to infer that the expression variation of these PLAP3 and PLPI genes is probably the primary cause for the corolla phenotype of SCMPs.
Subcellular localization and dimerization of Paeonia floral MADS-box proteins
To better understand the developmental role of these MADSbox genes in the SCMP flower, we further investigated their protein subcellular localization and protein-protein interactions (PPIs).
The nuclear localization of a transcription factor is required for its regulatory role. We therefore investigated the capability of the putative proteins encoded by the identified MADS-box genes. For this purpose, the ORF of each MADS-box gene from NP-231 was fused with green fluorescent protein (GFP) coding sequences, and transiently expressed in tobacco leaves to synthesize the MADS-GFP fusion proteins. The GFP signal released from the MADS-GFP fusion protein thus indicated the subcellular localization of the MADS-box protein. We found that eight MADS-domain proteins, i.e. PLAP1, PLAP3-1, PLAP3-2, PLPI2, PLAG, PLAGL11, PLSEP1 and PLSEP3, were uniquely localized in the nuclei, while the PLPI1 protein was mainly localized in nuclei with some distribution in the cytoplasm (Supplementary Fig. S6 ). The GFP protein alone, as a control, was expressed in both nuclei and the cytoplasm ( Supplementary Fig. S6 ). These observations indicated that all of these MADS-box proteins could be imported to the nuclei, providing the possibility to play regulatory roles in the nuclei.
To reveal PPIs among these MADS-box proteins, we first used yeast two-hybrid (Y2H) assays. The sequences from NP-231 were used. The full-length coding sequence of each MADS-box protein was cloned into prey [pGADT7, activation domain (AD)] and bait [pGBKT7, binding domain (BD)] constructs. First, we found that the yeast cells expressing each MADS-box protein in either the AD or BD construct could grow normally on the corresponding selective medium plates ( Supplementary Fig. S7A, B) , indicating that these proteins had no toxicity to the yeast cells. In contrast, we found that either PLSEP1-BD or PLSEP3-BD alone grew on medium lacking tryptophan (Trp) and histidine (His), indicating that the two proteins could self-activate, while the remaining MADS-box proteins had no such ability ( Supplementary Fig.  S7C ). When testing PPIs, one MADS-AD and MADS-BD construct was co-transformed into a yeast cell using His3 and LacZ as reporter genes. If the constructed yeast transformants that harbored the two proteins grew on the selective medium lacking leucine (Leu), Trp and His, and the colonies turned blue when adding bgalactosidase, the two tested proteins could dimerize. Following this principle, we found substantial dimerizations between these MADS-box proteins in yeast cells (Supplementary Fig. S8A ). PLAP1 not only formed a homodimer but heterodimerized with PLPI1, PLAGL11, PLSEP1 and PLSEP3; both PLAP3-1 and PLAP3-2 interacted with both PLPI1 and PLPI2 to form a heterodimer; both PLPI1 and PLPI2 formed a homodimer; PLAG interacted with PLAP1, PLPI1, PLPI2, PLSEP1 and PLSEP3; and PLAGL11 interacted with PLAP1, PLPI1, PLSEP1 and PLSEP3 ( Supplementary Fig. S8A ). Nonetheless, they had different physical interaction strengths in the yeast cells ( Supplementary Fig. S8B ).
These interactions were further verified in plant cells using the bimolecular fluorescence complementation (BiFC) assay. In these experiments, the yelow fluorescent protein (YFP) gene was split into two halves to generate YFP n and YFP c , and the two tested genes were fused with either YFP n or YFP c to generate constructs for producing fused proteins of MADS-YFP n and MADS-YFP c , respectively. Any combined expression of the two constructs that harbored YFP n and YFP c in plant cells and the observation of the YFP signal indicated that the two proteins could dimerize (homo-or hetero-) because the dimerization could bring the two halves of YFP together; otherwise, it was inferred as no interaction. Altogether 81 combinations were investigated, and 53 combinations were negative, thus further validating 28 true interactions (Fig. 5) . In these assays, we found that PLAP1 itself had the capability to form a homodimer, and PLAP1 interacted with PLPI1, PLI2, PLAGL11, PLSEP1 and PLSEP3. DEF (PLAP3-1 and PLAP3-2) and GLO (PLPI1 and PLPI2) of the four B-function proteins in herbaceous peony formed the stereotypical heterodimers, and we also found that PLPI1 and PLPI2 interacted with each other. PLSEP1 and PLSEP3 had multiple protein interaction abilities with A-, B-, Dand E-type MADS-domain proteins. These results basically confirmed the PPIs observed in the Y2H assays (Supplementary Table S6 ). In line with the observations on subcellular localization ( Supplementary Fig. S6 ), these dimerizations were observed in the nuclei (Fig. 5) .
Discussion
Herbaceous peony, as an important ornamental and valuable species, has many spontaneous floral mutations during its cultivation process, but the underlying molecular mechanisms are largely unknown. In the present work, we characterized the SCMPs of P. lactiflora. The SCMPs displayed a persistent corolla that was changed into a calyx to varying extents in the different mutational lines, which thus shows the potential to be new cultivars with distinct flower forms. Since MADS-box genes play key roles in flower development and floral identity determination Goto 2001, Theissen 2001) , we focused on the characterization of MADS-box genes in P. lactiflora. Compared with NPs of P. lactiflora, the variation in expression of B-class MADS-box genes was inferred to account primarily for the origin of SCMPs.
Paeonia and Arabidopsis share a relatively conserved floral developmental basis
Paeonia and Arabidopsis have a large taxonomic distance although they belong to the core eudicots. The morphology of their flowers is obviously different; nonetheless, their flower structures are basically identical. Therefore, they might share a common basis with respect to floral development. In Arabidopsis, AP1 determines sepal identity (Mandel et al. 1992 ); AP3 and PI are essential for the formation of the petal and stamen (Krizek and Meyerowitz 1996) ; AG and STK are mainly required for normal carpel development (Mizukami and Ma 1992, Pinyopich et al. 2003) ; and SEP genes encode cofactors of the above MADS-box regulatory proteins and are involved in the development of all floral organs (Pelaz et al. 2000 , Ditta et al. 2004 . Their orthologs in Paeonia were isolated and designated as PLAP1, PLAP3 (PLAP3-1 and PLAP3-2), PLPI (PLPI1 and PLPI2), PLAG, PLSTK and PLSEP (PLSEP1 and PLSEP3). The parsing of these homologous genes at the sequence level indicated to a certain extent the conserved floral developmental genetics between Paeonia and Arabidopsis. Nonetheless, the specification of both the floral expression domain and the PPIs of these MADS-box genes in floral organs need to be considered when comparisons are made between different plant species.
In Arabidopsis, AP3 and PI form a heterodimer and are basically isolated from the remaining MADS-box genes. AP1 forms a homodimer, and AP1, AG and STK can interact with SEP1 and SEP3 to form a heterodimer (Fig. 6A) . In herbaceous peony, PLAP1, PLAG, PLSTK, PLSEP1 and PLSEP3 basically share conserved interaction networks (Fig. 6B) ; nonetheless, unlike its Arabidopsis orthologs (Fig. 6A) , PLAP1 can interact with PLAG and PLSTK, and PLSEP1/PLSEP3 can form a homodimer (Fig.  6B) . The major difference between Arabidopsis and Paeonia lies in the interaction with associated B-function proteins. Unlike Arabidopsis, each lineage of B-class genes in P. lactiflora was duplicated, thus leading to two copies of PLAP3 (designated PLAP3-1 and PLAP3-2) and PLPI (PLPI1 and PLPI2). The related PPI network is largely traceable but it becomes more complex in Paeonia than in Arabidopsis. Different from Arabidopsis, PLAP3s and PLPIs not only form the obligate heterodimer between the AP3 and PI lineages but also form heterodimers with A-, C-and E-type proteins (Fig. 6B) . In particular, PPIs between B-and A-function proteins is seldom observed, and was previously detected in Physalis (Zhang et al. 2014) . The complexity and diversity of PPIs in P. lactiflora MADS-domain proteins thus provide further opportunity for diversify of function compared with Arabidopsis.
In Arabidopsis, AP1 is mainly expressed in the sepals and petals (Mandel et al. 1992 ), AP3 and PI are mainly expressed in the petals and stamens (Jack et al. 1992, Goto and , AG is mainly expressed in the stamens and carpels (Yanofsky et al. 1990) , STK is specifically expressed in ovules (Pinyopich et al. 2003) and SEP1/2/3/4 (also known as AGL2/4/ 9/3) is expressed in all floral organs (Pelaz et al. 2000 , Ditta et al. 2004 (Fig. 6C) . The orthologs of each Arabidopsis floral MADSbox gene in herbaceous peony shared a conserved expression domain in the floral organs, with some differences (Fig. 6D) . The expression of Paeonia B-class genes extended to the carpels, and PLAP3-1 was also expressed in the sepals. Interestingly, PLAG tended to be expressed in sepals, which may be opposite to the findings of previous studies where A-and C-class genes were antagonistic to each other (Weigel and Meyerowitz 1994, Yanofsky 1995) .
Thus, Paeonia and Arabidopsis shared common floral developmental genetics, but whorl-specific expression and protein dimerization were slightly diverged, reflecting the evolutionary conservation and plasticity of floral organ identity genes at different taxonomic levels.
The genetic variations underlying the origin of SCMPs in herbaceous peony
Artificial mutation of floral MADS-box genes could modify flower morphology (Mandel et al. 1992 , Prasad and Vijayraghavan 2003 , Xiao et al. 2003 , Byzova et al. 2004 , Liu et al. 2004 , Zhang et al. 2014 . Moreover, the re-recruitment of floral MADS-box genes mainly through changing gene expression, resulting in distinct floral morphology, also occurs in nature or under domesticated conditions (Kanno et al. 2003 , He et al. 2004 , Sharma and Kramer 2013 , Ma et al. 2015 , e.g. the evolution of Tulipa displaying a double flower is caused by the heterotopic expression of B-class MADS-box genes (Kanno et al. 2003) . The SCMPs that we isolated displayed persistent and green petals compared with the Paeonia NPs. The observations that cellular morphology in the petals of the SCMPs resembled that of the calyx suggested that SCMP petals were sepaloid. We therefore compared the floral genetic basis in terms of the floral MADS-box genes between the SCMP and the NP accessions. Coding sequence variation of the isolated MADS-box genes from P. lactiflora was observed but none of the genes was associated with floral phenotypic variation in SCMPs. The expression of several MADS-box genes was altered in the SCMP corolla, e.g. PLAG and PLSEP1 were up-regulated, while PLAP3-1, PLAP3-2, PLPI2 and PLSEP3 were down-regulated (Fig. 6E) . Reciprocal regulation seems to be the nature of MADS-box genes (Kaufmann et al. 2009 , Liu and Mara 2010 , Manchado-Rojo et al. 2012 ), so it is not surprising to observe expression variation of multiple MADS-box genes. However, PCA analyses further suggested that down-regulation of PLAP3-1, PLAP3-2 and PLPI2 was associated with the corolla phenotype in SCMPs. The expression of B-class MADS-box genes commences during early floral stages and continues throughout the majority of floral organ development (Manchado-Rojo et al. 2012 , Gonçalves et al. 2013 , Lange et al. 2013 , Zhang et al. 2014 , Li et al. 2016 . Since the homeosis of corolla to calyx was observed to some extent in SCMPs, down-regulation of B-class genes probablyly occurred in early flower development, i.e. the induction of floral organ primordia, and extended to later developmental stages, as we observed in the present study.
In Arabidopsis, the heterodimer AP3-PI is obligate and necessarily required for normal flower development, and the disassociation of these two constituents produces flowers with homeotic transformation of petals and stamens into sepals and carpels, respectively Meyerowitz 1994, Zik and Irish 2003 ; Fig. 6A ). The formation of this heterodimer mode and its action mechanism seems to be evolutionarily conserved since they have been observed in various plant species (Vandenbussche et al. 2004 , de Martino et al. 2006 , Geuten and Irish 2010 . The homolog of the heterodimer was also observed in Paeonia (Fig. 6B) . Therefore, downregulation of PLAP3-1, PLAP3-2 and PLPI2 might severely reduce the concentration or dosage of the AP3-PI heterodimers, particularly in the corolla of SCMPs (Fig. 6E) , thus affecting corolla development. However, no adjacent floral organ was changed in SCMPs, i.e. the stamens were normal. In the stamens of SCMPs, we also found a decrease in PLAP3-1 and PLPI1; however, PLAP3-2 and PLPI2 were normally expressed (Fig. 6E) . This guaranteed the formation of the AP3-PI heterodimer in this floral whorl, which resulted in normal stamen development in SCMPs. The direct effect of up-regulation of PLAG and PLSEP1 and down-regulation of PLSEP3 in sepaloid corolla development is not exclusive. To reveal which class gene is the primary mutation, the variation in expression of these MADS-box genes in early floral development between NPs and SCMPs, the reason underlying this variation and the floral developmental consequence of specific downregulation of each of these genes in NPs requires further investigations. Nonetheless, the down-regulation of B-class genes in the corolla, possibly extended from early developmental stages, leading to a further corolla-specific decrease of AP3-PI heterodimerization, seems to be a potentially major cause of the origin of SCMPs.
Paeonia SCMPs represent a new model for the origin of the sepaloid corolla
The sepaloid corolla phenotype could be generated in several ways. Mutation or silencing of the B-class genes in the laboratory usually leads to homoetic transformation of the corolla into the calyx in various flowering plants (Supplementary Table S7 ). Besides B-class genes, modifying other types of MADS-box genes could also result in similar phenotypic variation. For example, down-regulation of ThtAG1 in Thalictrum thalictroides and EScaAGs in Eschscholzia californica (Yellina et al. 2010 , Galimba et al. 2012 , the orthologs of the floral homeotic C-class gene AG in Arabidopsis, and suppression of the SEP-like genes (E-class) in the apple tree (Malus Â domestica) and Petunia (Ferrario et al. 2003 , Ireland et al. 2013 ) also lead to sepaloid petals. These observations further remind us that the role of C-and E-class gene expression variation in the development of SCMPs needs clarification.
Corolla mutations are also frequently observed in the cultivation of ornamental crops, but the underlying molecular mechanisms for the spontaneous mutation are generally under-researched. Since the corolla is the most attractive organ and its diversification also facilitates pollinator diversification (Gómez et al. 2016 , Temeles et al. 2016 ), B-function MADS-box genes seem to be primarily targeted for floral diversification in nature (Kanno et al. 2003 , Matsumoto and Kitahara 2005 , Sharma and Kramer 2013 , Singh et al. 2014 , Li et al. 2016 , Otani et al. 2016 ). In the corolla of Paeonia SCMPs, variation in expression of multiple genes, e.g. of B-, Cand E-class genes, was observed; however, the down-regulation of B-class genes (Fig. 6E ) that might result in the corolla-specific heterometry (dosage decrease in this case) of AP3-PI probably underlies the corolla phenotypic variation in SCMPs compared with NPs. This would provide a unique strategy to breed novel cultivars of ornamental plants with distinct floral morphology.
Therefore, abnormal expression of floral MADS-box genes plays some roles in sepaloid corolla development. Interestingly, unlike all available sepaloid mutants, the sepaloid corolla in SCMPs, without altering other floral organs, represents a novel sepaloid corolla model in plants, a selection result taking advantage of a gene duplication event.
Duplication of the AP3-PI unit is repeatedly recruited for floral diversification Gene duplication is a major resource for the expansion of gene families; thus, subsequent divergence provides the playground for morphological diversity , Aagaard et al. 2005 , Irish and Litt 2005 . Duplication of an interacting network would be more efficient in terms of evolutionary consequence than the expansion of a single gene family. This is exemplified by duplication of the obligate heterodimerized units such as MAGO-Y14 and AP3-PI, which are well characterized in plant development. The obligate MAGO-Y14 mode was maintained by co-evolution and it was duplicated in cereals, i.e. in rice , providing opportunities to diverge and thus allowing the evolution of adaptive function in cereals. Morphologically, however, the consequence of duplicated AP3-PI is most pronounced in the characterized obligate heterodimers. In the Solanaceae, AP3-PI is duplicated but has different evolutionary trajectories (Zhang et al. 2014) . In Solanum, Nicotiana and Petunia, subfunctionalization and neofunctionalization occurred to a different extent in diversified flower morphology, but there was overall support for the functional redundancy of the duplicated genes (Vandenbussche et al. 2004 , de Martino et al. 2006 , Rijpkema et al. 2006 , Geuten and Irish 2010 ; however, in Physalis, PFGLO1-PFDEF primarily determines corolla and androecium identity and has acquired a novel role in gynoecia functionality, while PFGLO2-PFTM6 mainly functions in pollen development (Zhang et al. 2014 . In P. lactiflora, two PLAP3 proteins (PLAP3-1 and PLAP3-2) and two PLPIs (PLPI1 and PLPI2) also maintained the AP3-PI mode (Fig. 6E) . However, unlike the case in Arabidopsis (Fig. 6D) , they also established their interactions with other floral MADS-domain proteins (Fig. 6E) . Whether this indicates neofunctionalization of these B-class genes needs to be investigated; however, from observations of SCMPs, the duplicated genes of each lineage might be functionally redundant in the development of the corolla and stamens (Fig.  6E) . Normal expression of one set of the AP3-PI duplicated genes (PLAP3-2 and PLPI2) is sufficient to guarantee stamen identity, as we observed that the stamen is not affected in SCMPs, while only one of the four B-class genes (PLPI1) was normally expressed in corolla of SCMPs; thus, the corolla was transformed into calyx-like organs.
Although a chromosomal deletion mutation of PhDEF (gp) in Petunia causes homeotic transformation of petals to sepal-like organs only (van der Krol et al. 1993) , all B-class MADS-box genes reported thus far showed a similar expression domain in floral organs (Zhang et al. 2014 ; Fig. 6C, D) . The specific silencing of one of these genes in the corolla only is hardly accomplished as a result of their inborn nature of autoregulation (Schwarz-Sommer et al. 1992 , Zhang et al. 2014 , and robust expression in both corolla and stamens (Vandenbussche et al. 2004 , de Martino et al. 2006 , Geuten and Irish 2010 , Zhang et al. 2014 ). However, duplication of these B-class MADS-box genes provides multiple combinations of modifications, thus resulting in diversified floral morphology Litt 2005, Hernández-Hernández et al. 2007) . In Paeonia, duplication of the AP3-PI unit and subsequent silencing in a specific floral whorl impair the role of AP3-PI in a corolla-specific manner, resulting in SCMPs (Fig. 6E) . Thus, duplication of the obligate heterodimer AP3-PI, as an important evolutionary engine, is repeatedly but differently recruited in the evolution of plant diversified flower morphology.
Conclusions
To our knowledge, our work, for the first time, comprehensively analyzed floral MADS-box genes in Paeonia, including sequence variation, gene expression, protein subcellular localization and PPIs. We also tested for non-neutral sequence evolution and correlation between gene expression patterns and corolla phenotype in several lines of SCMPs compared with NPs, and revealed a likely role for B-class MADS-box gene expression variation in specifically affecting corolla identity and morphological variation. Our work therefore suggests that modifying floral MADS-box genes could facilitate the breeding of novel cultivars with distinct floral morphology in ornamental plants, and also provides new insights into the functional evolution of the MADS-box genes in plants, particularly in the evolution of diversified flower morphology.
Materials and Methods
Plant materials
Four normal plants (named NP-123, NP-146, NP-231 and NP-438) of herbaceous peony (Paeonia lactiflora Pall.) and six spontaneous corolla mutational plants (named SCMP-106, SCMP-131, SCMP-141, SCMP-313, SCMP-415 and SCMP-638) were grown in the same natural environment in Luoyang National Peony Garden, Luoyang, He'nan, China. These plants were selected from a large population of approximatley 100,000 seedlings that was developed from P. lactiflora seeds. These seeds were harvested from different plants under open pollination in various fields in Daiku island of Japan, and introduced to the Luoyang peony genebank of China in the Luoyang National Peony Garden. More than six flowers were investigated carefully in each plant. Detailed information on their floral phenotypes is summarized in Supplementary Table S1 .
Scanning electron microscopic analyses
Sepals and petals from NP-231 and SCMP-638 were fixed in formaldehydeacetic acid-alcohol (FAA) fixative, comprising 70% (v/v) ethanol, 5% (v/v) glacial acetic acid and 3.7% (v/v) formaldehyde. Then, the tissues were dehydrated through an ethanol series followed by an isoamyl acetate series and drying with liquid carbon dioxide. Images were captured with a scanning electron microscope (Hitachi S-800) at 10 kV.
RNA extraction and coding sequence isolation
Total RNA was isolated using the Universal Plant RNA Isolation kit (Bio Teke). A 3 mg aliquot of total RNA was treated with an RNase-free DNase kit (Promega) in a 10 ml volume to remove genomic DNA contamination. The first-strand cDNA was synthesized using the MLV RT-PCR kit (Invitrogen) with poly(T) primer using all treated RNA in a 20 ml volume. As a representative, MADS-box gene cDNAs in NP-231 were first isolated. The 3 0 -or 5 0 -RACE approach was used to assemble the putative full-length cDNA of each MADS-box gene (Roche). The full-length cDNA of each assembled sequence was amplified by routine RT-PCR using the Ex Taq system (TAKARA). The following reactions were performed: one cycle of 3 min at 94 C for denaturation followed by 35 cycles of 30 s at 94 C, 30 min at 56 C, 1 min at 72 C and then one cycle of 10 min at 72 C for final extension. PLSEP3 was isolated using the SEP3 orthologous sequence of tree peony as a reference (Zhou et al. 2014) . The homologous cDNAs of the characterized MADS-box genes in NP-231 were then isolated from the remaining P. lactiflora plant lines using RT-PCR.
The final RT-PCR product of each MADS-box gene was first sequenced directly. A high quality and unique signal peak for each site indicated that this gene locus was homozygous; otherwise it was considered heterozygous. For confirmation, the amplified product of each gene was ligated to the PEASY-T vector (TransGen and transformed into Trans10 competent cells (TransGen). For putative homozygous genes, three clones were randomly selected for sequencing, and for putative heterozygous genes, 10 randomly selected clones were sequenced.
Expression analyses
The expression pattern of the MADS-box gene in a normal plant (NP-231) and a spontaneous corolla mutational plant (SCMP-638) was investigated using semi-quantitative RT-PCR. The PLActin gene was used as an internal reference. A 1 ml aliquot of the synthesized cDNA stock solution was used for PCR. The reaction procedure was the same as the sequence isolation in RT-PCR. The experiments were repeated three times. The amplified products were fractionated on 1.0% agarose gels, and the images of typical gels are presented. The gray value of each electrophoretic band set within the same rectangular area (width 70 pixel Â height 17 pixel) was quantified using ImageJ (http:// rsb.info.nih.gov/inh-image). qRT-PCR was performed using the SYBR Premix EX Taq (Perfect Real-Time) kit (TAKARA) on an Mx3000P real-time RT-PCR instrument (Agilent Stratagene). Stock solution of the synthesized cDNA was diluted 10 times, and 1.0 ml of the diluted solution was used as a template to run the PCR in a 25 ml volume. The reactions were performed at 95 C for 30 s, 40 cycles at 95 C for 5 s, 56 C for 20 s, 70 C for 20 s and then at 95 C for 60 s, 56 C for 30 s and 95 C for 30 s, with one cycle for dissociation curve analysis. The PLActin gene was used as the internal control. Experiments were performed using three independent biological samples. Means and SD are presented.
Yeast two-hybrid assays
The GAL4-based MATCHMAKER Two-Hybrid System (Clontech) was used. One full-length ORF of each MADS-box gene from NP-231 was fused into the AD expression vector pGADT7 and the BD expression vector pGBKT7 to form the prey or bait constructs, respectively. The cloning process was the same as the sequencing isolation. The constructs were finally confirmed by sequencing (TaiHe). For the yeast toxicity test, each single derived pGADT7 or pGBKT7 plasmid was transformed into a yeast competent cell of AH109 (Saccharomyces cerevisiae strain) and then streaked onto synthetic dropout medium (SD)/-Leu (AD) or SD/-Trp (BD) plates. For the autoactivation test, each bait plasmid was transformed into yeast cells and streaked onto the SD/-Trp-His plates. To detect PPIs, the bait and prey plasmids were co-transformed into yeast cells and streaked onto the SD/-Leu-Trp-His-Ade plates. Transformants carrying the empty pGADT7 and pGBKT7 vectors were used as negative controls. The small LiAC yeast transformation procedure was used following the manufacturer's instructions (Clontech). After transformation, all the plates were incubated at 30 C for 2-5 d. Nonlethal b-galactosidase activity was assessed on SD/-Trp-LeuHis-Ade plates. O-Nitrophenyl-b-D-galactoside (ONPG; Sigma-Aldrich) was used as a substrate to quantify the interaction affinity. The quantification was performed in three independent experiments; the mean and SD are presented.
Transient protein expression assays
For the subcellular localization studies, the ORF of each MADS-box gene was cloned into the pCAMBIA1302 expression vector using NcoI/SpeI (TAKARA) restriction sites and fused with GFP to synthesize the MADS-GFP fusion. For the BiFC assays, ORFs of PLAP3-1, PLAP3-2, PLPI1, PLPI2, PLAG, PLAGL11, PLSEP1 and PLSEP3 were each cloned into the pSPY35S-NE or pSPY35S-CE vector pair using the XbaI/SpeI (TAKARA) restriction sites, while PLAP1 was introduced into these vectors with SpeI/KpnI (TAKARA) restriction sites. These paired constructs of pSPY35S-NE or pSPY35S-CE were designed to express either the N-or C-terminal halves of YFP. The recombinant MADS-GFP constructs or the construct combination for producing two MADS-box proteins fused with the N-or C-terminal halves of YFP were expressed in epidermal cells of Nicotiana benthamiana by agroinfiltration (Walter et al. 2004 ). The fluorescence of the GFP or YFP signal was observed with a confocal laser scanning microscope (Olympus FV1000 MPE).
Primers, sequencing, and evolutionary and phylogenetic analyses
Primers used in the presented work (Supplementary Table S8 ) were commercially synthesized by TaiHe Biotechnology. All sequencing in the present work was commercially performed by TaiHe. Sequence alignments were made using Clustal X version 1.81 (Thompson et al. 1997) and BioEdit version 5.09 (Hall 1999) , and corrected manually. Tajima's D test, Fu and Li's (D and F-) tests and the nucleotide diversity were estimated by DnaSP 5.0 (Librado and Rozas 2009) . Neutral or deleterious amino acid mutations were tested by PROVEAN, the Protein Variation Effect Analyzer (http://provean.jcvi.org/index.php). The cut-off value of PROVEAN was -2.5; when the score was higher than -2.5, the prediction was neutral; when the score was less than -2.5, the prediction was deleterious. Phylogenetic relationships of the MADS-box genes were reconstructed using the nucleotide sequences (only the M, I, K coding regions for Fig. 2 and the whole coding regions for Supplementary Fig. S4 ) of representative genes with ML using PhyML-v2.4.4 (with the GTR model, and bootstrap analyses of 1,000 replicates were carried out) (Guindon and Gascuel 2003) , and Bayesian inference using MrBayes 3.1 (nst = 6; mcmc ngen = 2000000, samplefreq = 100) (Ronquist and Huelsenbeck 2003) . The phylogenetic relationship of B-class MADS-box genes was reconstructed by the putative amino acid sequences using MrBayes 3.1 (nchains = 4; mcmc ngen = 2000000, samplefreq = 100). The sequences reported in the present work have been deposited in the GenBank database with accession numbers from KU613194 to KU613325.
Statistical analyses
PCA of gene expression, and correlation analyses were conducted in SPSS 21 (SPSS Inc.). All P-values in the different statistical analyses were evaluated using the two-tailed Student's t-test.
Supplementary data
Supplementary data are available at PCP online. 
